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Cytoskeleton: Microtubules get the signal
Peter Hollenbeck
Investigations of how the cytoskeleton is controlled by
Rho GTPase signaling have focused largely on the
remodeling of actin. Recent work in fibroblasts shows
that microtubules are also subject to regulation by the
Rho pathway, and that the signals acting on actin and
microtubules can be teased apart.
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In the past decade, studies of the cytoskeleton have fused,
almost by stealth, with studies of signal transduction. It
has become clear that the cell’s system of cytoskeletal
filaments and its network of signaling pathways are inti-
mately linked and function cooperatively to generate a cell
phenotype tailored to the immediate conditions of the cell.
In addition, when cells are remodeled the cytoskeleton is
probably both effect and cause: it responds to signals; it
organizes signaling pathways in space; and it may perform
signaling functions itself. Because it comprises linear ele-
ments that span the cell, the cytoskeleton is well-
constructed for integrating information. 
Actin filaments, microtubules and intermediate filaments
not only establish and maintain cell polarity, they
inevitably run between, and thus link, regions of the cell
that are qualitatively different. They also provide a linear
scaffold for organizing or translocating signaling molecules.
And there is ample room for this, as a typical cell’s
cytoskeletal filaments present a potential protein-binding
surface that is comparable to that of the entire plasma
membrane [1]. When a signal arises, the structural
responses driven by the cytoskeleton are usually complex.
Examples include establishing new axes of polarity,
generating protrusions, making and breaking contacts,
moving or dividing. As all of these events involve more
than one component of the cytoskeleton, unraveling the
interactions between signals and the cytoskeleton, and
attributing particular cytoskeletal modifications to specific
effector molecules, are daunting tasks.
Still, much progress has been made. Many cytoskeletal
responses to cell signaling are now known to be mediated
by the Rho family of monomeric GTPases [2]. Perhaps
best understood are the pathways by which three specific
Rho GTPases stimulate remodeling of the cytoskeleton in
response to signals from cell surface receptors. Activation
of Rac stimulates the formation of the broad, actin-rich
cellular protrusions known as lamellipodia. Activation of
Cdc42 produces the extension of more elongated cellular
protrusions known as filopodia. And activation of RhoA
yields the formation of contractile actomyosin bundles, or
stress fibers (Figure 1). 
These distinct changes involve different upstream signals
that trigger the activity of each Rho GTPase, and many
downstream effectors that are in turn stimulated by them
[3]. In addition, even the cytoskeletal changes produced
within the Rho pathway include both the actin and micro-
tubule arrays. Thus, a major challenge is to dissect the
network of Rho-mediated signals and responses so as to
address the question: when cells are remodeled in
response to events, exactly which signals and which
effectors regulate each element of the cytoskeleton? Two
new studies [4,5] — one published very recently in Current
Biology [5] — report success in dissecting one aspect of
cytoskeletal remodeling — the production of a stable,
oriented microtubule array in fibroblasts — and attribute it
to two specific pathways of signal transduction.
Fibroblasts in cell culture provide a relatively simple
system for studying how extracellular signals reorganize
and polarize the microtubule cytoskeleton. Grown in the
absence of serum, fibroblasts contain mainly labile micro-
tubules which grow and shrink rapidly. But when serum is
restored to the medium, the cells produce an array of
stable microtubules [6], which can be detected by their
post-translational modifications and resistance to depoly-
merizing drugs. These microtubules extend from the
microtubule organizing center (MTOC) near the nucleus
to the periphery of the cell, and are oriented specifically
toward the leading edge of cells at a wound site in the cell
monolayer. The MTOC itself also moves to a position
between the nucleus and the leading edge of the cells [7].
While more than one serum component may contribute to
inducing the polarized stable microtubule array, it can be
generated by treating the cells with lysophosphatidic acid
(LPA) [8]. This mitogenic lipid binds a cell surface recep-
tor and has been shown to act on microtubules specifically
via the RhoA pathway [9]. But RhoA activates many
downstream effectors — which of them actually mediates
microtubule remodeling? And how specific is this remod-
eling signal for microtubules? In a recent study, Palazzo et
al. [4] found that a stable, polarized microtubule array can
be produced specifically via the RhoA pathway through a
single downstream effector — a member of the
diaphanous-related formin (DRF) family of proteins.
Dispatch R821
The DRF proteins have previously been implicated in a
number of complex cytoskeletal changes. A member of the
DRF family, Bni1p, found in budding yeast, appears to
regulate the position of the mitotic spindle by capturing
microtubule ends [10,11]. But the functions of DRFs in
higher eukaryotes have seemed largely attributable to
actin remodeling, or to coordinated remodeling of actin
and microtubules. Drosophila mutants in the eponymous
gene, diaphanous, and a mutant in the human homologue
both show defects attributable to faulty cytokinesis
[12,13], while a second human mutation may disrupt
cilium formation [14]. The mouse homologues mDia1 and
mDia2 [15,16] apparently can regulate both the actin and
microtubule arrays [17,18].
So when Palazzo et al. [4] set out to determine which
downstream effector molecule(s) were mediating the
RhoA-stimulated production of stable microtubules, the
results came as a surprise. By expressing activated RhoA
proteins with different mutations in the effector binding
domain, they found that the only mutant that failed to
induce stable microtubules was also the only one that
failed to bind mDia. This result implied that no other
effectors were necessary, and this was born out by trans-
fection experiments: activation of endogenous mDia1
alone was sufficient to produce a stable, polarized micro-
tubule array. Other pathways were not completely devoid
of action on microtubules, however. Activation of another
Rho effector, Rho kinase, produced some stable micro-
tubules, but the array was small, restricted to the peri-
nuclear region of the cell, and not polarized. In addition,
inhibition of this alternative Rho effector pathway did not
prevent the generation of a stable, extended, polarized
microtubule array by the LPA/RhoA/mDia1 pathway.
Thus, RhoA signaling via mDia1 is apparently necessary
and sufficient for microtubule remodeling, while signaling
via Rho kinase is not.
Thus, among effectors of the Rho pathway in the fibro-
blast, mDia1 seems solely responsible for producing a
stable microtubule array, but is it also responsible for other
aspects of remodeling? In particular, how do these results
square with studies showing that mDia signaling affects
the actin cytoskeleton? When Palazzo et al. [4] stimulated
the formation of stable microtubules in fibroblasts by
activating endogenous mDia1, there was an increase in
polymerized actin, but no formation of stress fibers or
alignment of actin filaments with microtubules. This raises
the possibility that actin effects of mDia signaling lie
downstream from microtubule effects, or that they occur as
a parallel signaling pathway (for example, [17]) which varies
in penetrance among cell types or conditions of growth.
What of the mechanism by which mDia acts on
microtubules? Do the DRFs carry out their signaling func-
tions far upstream of cytoskeletal changes, or do they
interact directly with microtubules? Palazzo et al. [4] found
that activation of mDia1 effectively caps the microtubules
in fibroblasts, which can partly or entirely explain how
polymer stability arises. In addition, mDia2 partially co-
localizes with stable microtubules. Thus it is possible
that the stable microtubule array is produced by a direct
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A partial schematic diagram of possible Rho GTPase pathways of signaling to the cytoskeleton. Arrows indicate an activation or effect on a target,
and do not always represent a single step. Each pathway has many inputs, effectors and outputs not shown here.
interaction of mDia with microtubule ends, which would
suggest a mechanism of action in some ways similar to that
of Bni1p in yeast [11] (Figure 2).
But changes in microtubule stability alone do not generate
the characteristic oriented microtubule array of polarized
fibroblasts. At the same time that the cell produces stable
microtubules, it also translocates its MTOC to a position
between the nucleus and the free edge of the cell [7,19]. A
study published recently in Current Biology by Palazzo et al.
[5] examines whether the signals that regulate MTOC
translocation and microtubule stabilization in fibroblasts
are distinct. Using the same serum or LPA treatment that
produced microtubule stabilization, they examined the
role of the downstream Rho GTPase pathways in MTOC
movement. Inhibition and activation of the RhoA, Rac and
Cdc42 pathways demonstrated that, in contrast to micro-
tubule stabilization, MTOC translocation was regulated by
Cdc42. There was no obvious cross talk between the
RhoA and Cdc42 pathways: perturbation of Cdc42 altered
MTOC movement without affecting microtubule stability,
while perturbation of RhoA altered microtubule stability
without affecting MTOC movement. In addition, there
was no apparent remodeling of actin stimulated by the
Cdc42 signaling that regulated MTOC translocation.
How does the MTOC respond to Cdc42 signaling? One
possible mechanism is that local traction forces are gener-
ated on the microtubule array by the motor protein cyto-
plasmic dynein. Palazzo et al. [5] inhibited dynein activity
and found that, indeed, LPA/Cdc42-stimulated MTOC
movement was completely eliminated. Thus, whether or
not there is a direct interaction between Cdc42 and cyto-
plasmic dynein the latter is likely a proximal effector of
MTOC translocation.
Although Rho signaling has broad and varied effects on
the cytoskeleton and cell shape, these recent studies show
that it is possible to isolate and analyze the effects of indi-
vidual signaling pathways on the microtubule array. In
addition, it is apparently possible to parse the regulation of
microtubules from that of actin. It will be interesting to
discover whether Rho signaling controls other aspects of
microtubule state, such as dynamic instability. And more
interesting still will be discovering how cross talk among
different signaling pathways integrates numerous
cytoskeletal effects to produce the enormous range of cell
phenotypes observed in nature.
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Figure 2
Diagram of a possible pathway for Rho–mDia stimulation of microtubule
stabilization. Lysophosphatidic acid (LPA) binds its receptor, triggering
activation of the Rho GTPase RhoA. RhoA binds to mDia, relieving its
autoinhibition [20] and allowing it to interact with and possibly activate
a microtubule-capping protein (mtCAP) or protein complex. The
complex captures a microtubule end, and after maturation of the cap
Rho and mDia are released to complete the cycle.
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